Time-resolved optical measurements encompassing the femtoseconds to seconds time scales have been used to investigate Rhodobacter capsulatus reaction centers (RCs) in which the histidine residue at position 200 on the M polypeptide has been changed to a leucine by site-directed mutagenesis. The
efficiently (-100% quantum yield) transfers an electron to BPhL, the bacteriopheophytin molecule most closely associated with the L polypeptide. Subsequently, an electron is transferred from the BPhL anion to the primary quinone QA.
This too occurs on a very fast time scale ('200 ps) and with an essentially 100% yield.
The crystal structures of RCs from Rhodopseudomonas viridis and Rhodobacter sphaeroides have shown that the central Mg2 + atom of each of the four BChl molecules has a histidine from either the L or the M polypeptide as an axial ligand (2) (3) (4) . All four ofthese histidine residues are conserved in the sequences of the L and M polypeptides of the Rhodobacter capsulatus RC (5), for which there is not yet a crystal structure. By specific analogy with the Rps. viridis and Rb. sphaeroides RCs, histidines L173 and M200 are ligands on the two BChls of P, and histidines L153 and M180 are ligands on the two monomeric BChls in Rb. capsulatus
RCs.
A number of site-directed mutations in the Rb. capsulatus RC have been constructed in which the histidine ligands to the dimer BChls have been replaced with other amino acids (6) . Analysis of the pigment content and the ground-state absorption spectra indicate that in two mutants, HisM200 + Leu and HiSM21 __ Phe, a BPh replaces the BChl that is ligated to histidine M200 in wild-type RCs. In other words, these RCs contain a BChl-BPh heterodimer in place of the BChl2 dimer P. Here we examine in detail the photochemical properties of the HiSM21 -+ Leu RC from Rb. capsulatus.
MATERIALS AND METHODS
Isolation of Rb. capsulatus wild-type and HiSM21 --Leu RCs followed described procedures (6, 7) . The results of measurements performed on two different preparations of HiSM21 -+ Leu mutant RCs agreed within experimental error. The same is true of the measurements on wild-type Rb. capsulatus RCs. For both the mutant and wild-type RCs, a small portion of each preparation was extracted into acetone/methanol (7: 2) and the pigment content was assayed via the Qy absorption bands of the extracted chromophores.
The procedure closely followed that originally used for analysis ofRhodospirillum rubrum RCs (8) . Determination of the total number of pigments per RC requires knowledge of the absolute extinction coefficient of some band in the RC spectrum. Since extinction coefficients have not been determined for Rb. capsulatus, we used the Rb. sphaeroides extinction coefficient at 802 nm of 288 mM -1 cm-l (9) for both wild-type and mutant RCs. The pigment ratio, on the other hand, is solely based on the near-infrared extinction coefficients of BChl and BPh in acetone/methanol (7:2) , numbers that are given in ref. 8 .
Transient absorption spectra and kinetics were recorded on a spectrometer that utilizes 350-fs flashes. The optical pulses are generated with off-the-shelf laser equipment (Spectra Physics, Santa Clara, CA) and the vidicon-based detection system (PAR) is similar to that used on a picosecond spectrometer previously described (10) . (Further details of the femtosecond apparatus will be given elsewhere.) The 350-fs 582-nm excitation flashes were attenuated so that 25-40% of the long-wavelength dimer band was bleached. RCs in 10 mM potassium phosphate buffer, pH 7.3/0.05% lauryldimethylamine-N-oxide (LDAO)/0.2 mM sodium ascorbate, were flowed through either a 2-or a 4-mm pathlength cell and maintained at 100C. Measurements on the microseconds/ milliseconds time scale were performed on an apparatus with 10-ns flashes (11), using static samples held in a 1-cm cuvette at room temperature. No degradation of RCs during the measurements was observed, as judged by ground-state absorption spectra taken before and after experiments.
RESULTS
Composition of the HisM' -+ Leu RC. To ensure that the time-resolved measurements presented below were carried out on well-characterized RCs, pigment extraction assays were performed on aliquots of the actual samples investigated. Fig. 1 The moiety that donates an electron to BPhL in the mutant can be assigned as the heterodimer, which we denote D (for donor). This follows from the appearance of the broad bleaching tailing from 830 to 900 nm in Fig. 2A . Bleaching of the more pronounced dimer (P) band at 850 nm is similarly seen in the transient spectrum ofwild-type RCs (Fig. 2B) . We thus assign the 45-ps spectrum in the mutant as being due in large part to D+BPh-, § which again is analogous to the assignment of the 10-ps spectrum of wild-type RCs to P+BPh-. (The 1.9-ns spectra in Fig. 2 A and B represent D+Q-and P+Q-respectively, as discussed below.)
Although D+BPh-clearly forms in the HisM2" --Leu mutant, it does so more slowly and with a lower yield than in ns (---) after excitation of HisM200 -+ Leu RCs having A798 = 2.4 in a 2-mm path. The absorption changes between 750 and 820 nm were measured using RCs with A798 = 0.8 (2-mm path) and were then multiplied by a factor of 3; the scaled spectra agreed with those measured on the more concentrated sample in regions where they overlapped (e.g., 700-750 nm and 820-850 nm). (B) Spectra taken 10 ps (-) and 1.9 ns (---) after excitation of wild-type RCs having A802 = 1.4 in a 2-mm path. As described above for A, the absorption changes in the 750-to 820-nm region were measured on a sample having A" -0.8 and were scaled appropriately. wild-type RCs. Again these points are demonstrated by comparison. Fig. 3 shows near-infrared difference spectra of mutant and wild-type Rb. capsulatus RCs measured 670 fs (solid spectrum) and 1.9 ns (dashed spectrum) after excitation. In wild-type RCs (Fig. 3B) , there is no decay of the dimer P ground-state bleaching at 830 to 850 nm on the time scale shown. The difference between the two spectra in the 860-to 950-nm region reflects a contribution to the 670-fs spectrum of stimulated emission from P*. (Emission stimulated by the probe light appears as an absorption decrease.) The decay of the stimulated emission occurs with a 3.5 + 0.6 ps time constant (Fig. 3B Inset) . These observations on wild-type Rb. capsulatus RCs are very similar to ones previously reported for Rb. sphaeroides and Rps. viridis . The interpretation of these data is that P* decays to P+BPh with a 3.5-ps time constant and with an essentially 100% yield.
The data for the HiSM2 --+ Leu mutant (Fig. 3A) (15, 16) in the analysis of chemically modified Rb.
sphaeroides RCs. Based on the pigment analysis (see above), mutant and wild-type RCs have the same concentration when they have the same peak absorption near 800 nm (and in the Soret region), as shown in Fig. 1 (Fig. 2A ) and in the 10-ps spectrum in wild-type RCs (Fig. 2B ), after correcting for the different concentrations of the samples used in acquiring the pairs of spectra shown (see figure   legend ). There is good agreement between the D+ BPh-L yields of 60%o deduced from measurements in the anion band, and 50% obtained from the data in the near-infrared dimer band. This agreement supports the interpretation that stimulated emission from D* does not contribute significantly to the 670-fs spectrum in Fig. 3A . We take 55% + 10% as the yield of D+BPh-in the HiSM21 -* Leu mutant.
Electron Transfer BPhj to QA. D+BPh-in the HijM20
Leu RC appears to decay exclusively by electron transfer from BPhJ to QA to yield D QA . The data that support this conclusion include the following. (i) The broad 660-nm BPhL band disappears with a time constant of 115 + 15 ps (data not shown).
(ii) After decay of D+BPh is complete, there is essentially no residual absorption in this region of the spectrum. (See 1.9-ns spectrum in Fig. 2A .) This means that no unrelaxed D+BPh-remains and that no 3D, the triplet state of D, has formed. [The latter is based on the reasonable assumption that 3D has the same broad featureless spectrum as 3P (17) .] (iii) The solid and dashed spectra in the 830-to 920-nm region of Fig. 2A are identical, indicating no decay of bleaching and thus no return of D+ to the ground state occurs on the 45-ps to 1.9-ns time scale. (iv) The long-time recovery of the bleaching at 850 nm, measured after a 10-ns flash, occurs with a 95-ms time constant (data not shown). This decay occurs on the time scale that one expects for charge recombination of D+ Q-to the ground state. There is no evidence for any microsecond component in the 850-nm decay kinetics. Such a microsecond component would be expected for decay of 3D [as it is for 3P (17) ], and lack of its detection again supports the interpretation that D+ Q-is the only product of D+BPh-decay. (v) Lastly, except for the long-wavelength region of the dimer bleaching, the 1.9-ns spectra of the wild-type and HiSM21 -0 Leu RCs are very similar.
These data indicate that electron transfer from BPhT to QA in HijM2 -Leu is able to proceed with the same 100% yield observed in wild-type Rb. capsulatus and other purple bacterial RCs. In fact, the (115 ps)-1 rate for this electron transfer reaction in the HiSM21 -0 Leu RCs is faster than the (210 ± 16 ps)-1 rate we have measured for decay of the BPhL anion band in wild-type Rb. capsulatus RCs (data not shown). Similarly, the (95 ms)1 rate for charge recombination between D + and QA is faster than the (140 ± 20 ms)1 charge recombination rate we have observed at 850 nm in wild-type Rb. capsulatus (data not shown).
Finally, we note the presence of the residual bleaching at 548 nm in the 1.9-ns spectrum of Fig. 2A (Inset) . A similar bleaching at this wavelength is observed at 670 fs (data not shown); we suggest that it is due to bleaching of the BPh component of D. 
DISCUSSION
The Ground-State Absorption Spectrum. Close examination of the ground-state spectra (Fig. 1) reveals that the HisM2 --* Leu RC has slightly stronger absorption between 900 and 950 nm than wild-type RCs. At shorter wavelengths, the mutant RC spectrum shows, in addition to reduction of the 850-nm band, increased absorption between 750 and 800 nm. These observations point to a dimer band in the mutant that is weaker and possibly broader and shifted somewhat to shorter wavelengths compared to the 850-nm dimer band in the spectrum of wild-type RCs. The spectra in Fig. 1 A broader dimer band in the HiSM2 --+ Leu mutant is possible if, for example, the loss of the His.Mg(BChl) interaction results in a looser structure. An increase in the extent of the motions of the halves of the dimer with respect to one another would increase the distribution of exciton energies, and thereby increase the bandwidth (19) . Or, a broader dimer band could arise if D* has more CT character than P*, owing to the obviously larger electronic asymmetry in the heterodimer. CT character in the lowest excited state of P in Rb. sphaeroides and Rps. viridis RCs has been deduced from recent measurements (20) (21) (22) (23) and calculations of the RC absorption spectrum (24, 25 (12) (13) (14) . Equally intriguing is the result that the inherent rate of decay of D* to the ground state (k1) appears to be -(30 ps)-1. We suggest that this value too is radically different from the inherent lifetime of the excited state of the BChl dimer P* in native RCs. An inherent decay rate this fast would require that electron transfer to BPhL be much faster than (3 ps)-1 to support a 100% yield of charge separation in native RCs. In other words, for a 3-ps time constant of electron transfer from P* to BPhL to support 100% yield of P+BPhJ-, the simple kinetic equations associated with Scheme I indicate that the inherent decay rate k1 for P* cannot be any faster than -(300 ps) -. Thus, the effect of replacement of a BChl dimer with a BChl-BPh dimer is not only a significant reduction of the rate of electron transfer to BPhL, but also an enhancement of the rate of deactivation of the excited dimer to the ground state. Both have a deleterious effect on the yield of the initial charge separation step.
An interesting and reasonable cause for the impaired ability of the heterodimer to serve as an electron donor follows from its inherent electronic asymmetry. Even in the absence of additional protein effects, the excited BChl-BPh dimer (D*) is likely to have more charge transfer (CT) character than does P* owing simply to the fact that BPh is easier to reduce (and harder to oxidize) than BChl (26) physical displacement of the heterodimer, or a change in the energy gap between D* and D+BChlj, would alter the mixing between these two states, compared to the mixing between P* and P+BChlj in wild-type RCs, and thus affect the contribution of BChlL. One can also predict an unequal sharing of the unpaired spin density between the BChl and BPh macrocycles when D is oxidized. Again owing to the fact that BChl is the easier of the two to oxidize, more of the charge will likely reside on the BChl component of D+. The rather small 548-nm BPh bleaching in the D+Q-difference spectrum (see 1.9-ns spectrum in Fig. 2A Inset) is evidence in favor of this hypothesis.
Finally noteworthy is our finding that the rates of electron transfer from BPh to QA and from QA to P+ are somewhat faster in the mutant than in wild type. From a subjective viewpoint, it seems that although the rate of electron transfer from BPhL to QA is enhanced, a price has been paid in that production of D+BPh-is less efficient. Understanding the underlying reasons for the increase in these two rates will again involve examining changes in the electronic factors, the free energy changes, and the reorganization energies for both reactions. These issues and ones raised above can be examined in future temperature-dependence studies of the rates of the electron transfer reactions in HiSM200 -Leu RCs.
In summary, a BChl-BPh heterodimer appears to serve remarkably well as the primary electron donor in the H5M20
Leu RC, although with a yield of the initial photochemical event -55% that found in wild-type RCs. On one hand, it is clear that the physical changes that have occurred in the HisM206 -* Leu RC have upset the favorable balance between key factors responsible for the near-unity quantum yield of the initial photoprocess in the native system. On the other hand, such a dramatic change in the nature of the primary electron donor has not destroyed completely the ability of the RC to carry out primary photochemistry. Clearly, there appears to be no obvious disadvantage of a heterodimer in ensuring the proper direction of electron transfer, since we have at present no evidence in the mutant RC for electron transfer the "wrong way" to BPhM. Additional studies on RCs from the HisM200 -* Leu mutant, and on RCs derived from other mutations in the vicinity ofthe dimer, will advance our understanding of the primary electron donor in bacterial reaction centers.
